The effect of deoxidation products of Ce 2 O 3 , ZrO 2 and MgO particles on solidification microstructure has been studied in Fe-10mass%Ni, Fe-0.20mass%C-0.02mass%P and Fe-0.50mass%C-1mass%Mn alloys. The degree of the equiaxed crystallization is explained by the lattice misfit parameter between g (or d)-Fe and oxide. The single-phase solidification microstructure of Fe-10mass%Ni and Fe-0.50mass%C-1mass%Mn alloys is well related to austenite grain boundaries under the inhibition of grain growth by pinning. The correspondence between solidification structure and initial austenite grain has been studied in two-phases solidification of Fe-0.15 (or 0.30)mass%C-1mass%Mn-1mass%Ni alloy. The g-grain size decreases with decreasing the lattice misfit parameter between g-Fe and oxide and increases with decreasing the Zener pinning force. The number of g-grains to that of primary d-grains per unit area in a cross section increases with decreasing the aforementioned lattice misfit parameter, indicating that more than one nucleation event per d-grain occurs at d-ferrite grain boundary during d to g transformation.
Introduction
In low alloy steel weld metals the austenite grains are usually finer than the d-ferrite columnar grain boundaries during d to g transformation. 1) However, if the austenite is bounded by an orientation relationship with the d-ferrite, the austenite cannot grow across the primary d-ferrite solidification boundaries. It is reported 2) that in the presence of Al 2 O 3 inclusions, nucleation of austenite phase becomes energetically more favorable and thus steel solidifies directly as austenite in interdendritic liquid.
In this review the refinement of solidification microstructure and the equiaxed crystallization by using various deoxidation products are first discussed as a function of inclusion number and composition, and solute content in an Fe-10mass%Ni or Fe-0.50mass%C. Secondly, the correspondence between solidification microstructure and initial austenite grain is demonstrated for a single-phase (Fe-10mass%Ni and Fe-0.50mass%C) and two-phases (Fe-0.15 and 0.30mass%C) solidification alloys, focusing on the effects of oxide particles on the heterogeneous nucleation of d to g transformation and the austenite grain growth inhibition.
Experimental
An Fe-10mass%Ni alloy (70 g) containing the initial oxygen content of 80 to 120 mass ppm was deoxidized with an Fe-10mass%M (MϭTi, Zr and Ce) and Ni-10mass%Mg alloys at 1 600°C in an Al 2 O 3 crucible using an induction furnace (100 kHz). (% and ppm represent mass% and mass ppm, respectively, hereinafter.) A melt was cooled to 1 400°C at 50 K · min
Ϫ1
, followed by rapid quenching. The solidification structure was observed after etching in an Oberhöffer solution. The austenite grain size was measured after etching in a saturated picric acid solution. More details are given elsewhere. 3, 4) An Fe-C (0.15 to 0.50 %) alloy (70 g) containing 1 % Mn whose initial oxygen content was 80 to 100 ppm was deoxidized with an Fe-10%M (MϭTi, Al, Zr and Ce) and Ni-10%M (MϭCa and Mg) alloys at 1 600°C in an Al 2 O 3 crucible using an induction furnace (100 kHz). A melt was cooled to the respective temperatures at 50 K · min
, followed by rapid quenching. The shape of a quenched sample was the frustum with the top (28 mm) and bottom diameters (16 mm) and height (20 mm). The vertically sliced sample was used for the observation of solidification structure and austenite grain. The solidification structure was observed after etching in an Oberhöffer solution and/or a saturated picric acid and CuCl 2 solution. The austenite grain size was measured after etching in 2 %-Nital or a saturated picric acid and CuCl 2 solution. The mean primary arm length, l¯1, mean primary arm spacing, l ළ 1 , and density of dendrite were measured from solidification structure etched in an Oberhöffer solution and/or a saturated picric acid and CuCl 2 solution. The observation area was about 200 mm 2 , which corresponded to the half of the cross section area of vertically sliced sample. The observation number of dendrite was about 20 to 50. More details are given elsewhere. 5, 6) The method of the particle size measurement is described elsewhere.
7)
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Results
The results for an Fe-10%Ni alloy deoxidized with Zr, Mg and Ce which are reported in previous study 3, 4) are used in this study. The additional experimental results are given in Table 1 , where quenching temperature, Q.T., average austenite grain size, D ළ A , particle diameter in cross section, d ළ A , particle number per unit volume, N A , and volume fraction of particle, f V , are summarized. The previous results 5, 6) for an Fe-0.20%C-0.02%P alloy deoxidized with Ce are used in the present discussion. The f V values are obtained from the chemically analyzed values for insol. M by using the method described elsewhere.
7) The experimental results for Fe-0.15, 0.20, 0.30 and 0.50%C alloy are summarized in Table 1 . The effects of the number of primary deoxidation particles on area fraction of equiaxed crystals and their size have been studied in the experiments where an Fe-10mass%Ni alloy with g-phase solidification was deoxidized with Ce, Zr or Mg at 1 600°C and cooled to 1 400°C at 50 K · min Ϫ1 , followed by rapid quenching. The solidification microstructure in this alloy consists of columnar dendrite and globular cell. 3, 8) In Fig. 1 , the area fraction of globular cell and its size are plotted against the number of oxide particles per unit area, N A , in a cross section. It is seen from the upper diagram that the area fraction of globular cell for a given N A increases in the order MgO, Ce 2 O 3 and ZrO 2 which is in good agreement with that for the lattice misfit between g-Fe and oxide, 9) as shown in the upper diagram of Fig. 2 . The finding that the area fraction of globular cell for Mg deoxidation decreases with an increase of the number of MgO particles can be explained by the fact that dissolved Mg affects the development of columnar dendrite.
The result shown in the lower diagram of Fig. 1 indicates that the size of globular cell is about 150 mm, independent of N A in the range of N A Ͼ100 mm Ϫ2 and irrespective of kind of oxides. It was found in the experiments where an Fe-10%Ni alloy was cooled to 1 400°C that the size of globular cell is strongly dependent on cooling rate. From the results shown in Fig. 1 , it follows that the area fraction of globular cell is influenced by the chemical composition of oxide, but the size of globular cell is independent of the number of oxide and its chemical composition. The particle to particle spacing, l, for N A ϭ100 mm Ϫ2 are estimated as 50 mm from the relationship of lϭ1/2N A Ϫ1/2
. When this result is compared with the mean size (150 mm) of globular cell, it can be concluded that most of the particles distributed uniformly are not used for the heterogeneous nucleation.
An Fe-0.50%C-1%Mn alloy was deoxidized with Zr, Ce or Mg at 1 600°C and cooled to 1 400°C with 50 K · min Ϫ1 , followed by rapid quenching, as shown in the lower diagram of Fig. 3 . The l¯1/l ළ 1 ratios (mean primary arm length/mean primary arm spacing) for ZrO 2 and Ce 2 O 3 are 2 and 4, respectively, but that for MgO is considerably high (10) , indicating the development of the columnar dendrite. The reason that the columnar dendrite develops with an increase of dissolved Mg is not clear at present. One of the possible reason for this is that the Mg vaporization at crucible wall causes the steep thermal gradient.
The number of columnar dendrite was measured in a cross section of the ingot and then the number of columnar dendrite per unit area is plotted against the lattice misfit parameter between g-Fe and oxide in the upper diagram of Fig. 3 . It can be seen that the number of dendrite per unit area increases with decreasing the misfit parameter, suggesting that the order of heterogeneous nucleation potency for g-phase solidification is explained by the lattice misfit parameter.
The contact angle, q, determined by the interfacial energy balance between oxide, g-Fe and liquid Fe phases is represented by the following relation:
Although the results shown in Fig. 3 can be explained by the lattice misfit parameter between oxide (MO) and g-Fe, these results should be properly interpreted from the values of contact angle. However, the g MO/Fe(l) and g MO/Fe(g) values in the present study are not available and the g Fe(l)/Fe(g) value is supposed to be dependent on the content of deoxidant.
Primary d-phase solidification
The effect of dissolved solute M (MϭCe, Zr and Mg) on the solidification microstructure has been studied in the experiments 5) where an Fe-0.20%C-0.02%P alloy with primary d-phase solidification was deoxidized with Ce, Zr or Mg at 1 600°C and cooled to 1 400°C at 50 K · min Ϫ1 , followed by rapid quenching. The relationship between the l¯1/l ළ 1 ratio and the content of dissolved M is shown in Fig.  4 . This ratio for Ce deoxidation is 2 independent of the dissolved Ce content and that for Zr deoxidation is 3 to 4. However, that for Mg deoxidation increases with increasing the dissolved Mg content.
In a previous study, 5) it was observed that the mean primary and secondary dendrite arm spacings decrease with an increases in the dissolved Ce content. The present results coupled with previous one 5) suggest that the dendrite arm length also decreases with the dissolved Ce content. In a previous study, 5) it was found that the area fraction of equiaxed crystals increases with an increase of Ce 2 An Fe-0.15 or 0.30%C-1%Mn-1%Ni alloy was deoxidized at 1 600°C with Ti, Ce, Mg or Zr and cooled to 1 470°C (Cϭ0.15 %) and 1 460°C (Cϭ0.30 %) at 50 K · min Ϫ1 , followed by rapid quenching. These quenching temperatures determined by the cooling curves correspond to the start of the single g-phase, namely, the temperatures in the single g-phase just below the dϩg and gϩliquid two phases, respectively. For the purpose of revealing the solidification microstructure clearly, one % Ni was added in this study.
The l¯1/l ළ 1 ratio and l¯1 values are plotted against the lattice misfit parameter between d-Fe and oxide in Fig. 5 , where l¯1 and l ළ 1 represent the mean columnar dendrite arm length and its spacing, respectively. It can be seen that the l¯1/l ළ 1 ratio decreases with decreasing the lattice misfit parameter, indicating that the equiaxed crystallization for Ce 2 O 3 and MgO is more favorable than that for ZrO 2 . The reason that the data for Ti 2 O 3 deviated from the line may be explained by the fact that number of primary deoxidation particles of TiO X is considerably small and TiO X particles together with TiC particles are observed in the interdendritic region.
The number of primary d-grains which correspond to the columnar dendrite was measured in a cross section of an Fe-0.15%C-1%Mn-1%Ni alloy. This sample was obtained by quenching at 1 500°C which is the liquid and d-Fe two phases region. The number density of d-grains is plotted against the lattice misfit parameter between d-Fe and oxide in the lower diagram of Fig. 6 . It can be seen that the number of density of d-grains tends to increase with decreasing the misfit parameter, suggesting that the nucleation rate for solidification become greater with increasing the nucleation potency represented by the misfit parameter. As shown in the upper diagram, the density of d-grains is independent of the number of oxide particles per unit area.
As mentioned previously in the explanation of the results in Fig. 3 , the results in In order to have the high value of cos q in which the rate of heterogeneous nucleation is high, not only low value of g MO/Fe(d) which corresponds to the lattice misfit parameter between MO and d-Fe, but also high value of g MO/Fe(l) is desirable.
Correspondence between Solidification Microstructure and Initial Austenite Grain 4.2.1. Single-phase Solidification
It is well known in a single-phase solidification that the columnar dendrites with their major axes aligned in the same direction correspond to the initial austenite or d-ferrite grain, if the grain growth is completely prohibited by pinning and/or solute drag. The correspondence between single-phase solidification microstructure and initial austenite grain is discussed in the following.
Fe-10%Ni alloy: An Fe-10%Ni alloy was deoxidized with Ce or Zr at 1 600°C and cooled to 1 400°C at 50 K · values are plotted against the lattice misfit parameter between g-Fe and oxide in an Fe-0.50%C-1%Mn alloy, which was cooled to 1 200°C at 50 K · min
Ϫ1
. It is seen that the D ළ A values decrease with decreasing the misfit parameter. The reason that the D ළ A value for MgO greater than that obtained without deoxidation particles (a melt was held for 30 min after Al addition) can be explained by the effect of dissolved Mg on the development of columnar dendrite as mentioned previously. If it is assumed that the austenite grain growth is completely prohibited by particle pinning, this finding can be explained by the fact that in single-phase solidification the solidification microstructure which is influenced by the degree of the lattice misfit parameter between g-Fe and oxide corresponds to the initial austenite grain.
This was confirmed by the plot shown in the lower diagram of Fig. 8 , in which the ratio of the number of g-grains to the number of d-grains per unit area is plotted against the lattice misfit parameter. These ratios obtained by Zr, Ce and Mg deoxidations are nearly unity and independent of the misfit parameter. It can be concluded that in single phase solidification the solidification microstructure is influenced by the chemical composition of oxide with different nucleation potency, but the solidification microstructure corresponds to the austenite grains under the complete inhibition of grain growth.
Two-phases Solidification
In this section the effects of oxide particles on the heterogeneous nucleation site for the d to g transformation and the austenite grain growth are studied in an Fe-0.15% or 0.30%C-1%Mn-1%Ni alloy. The deoxidation particles dispersed uniformly in microsegregation domain are used for the g-phase nucleation in d-phase matrix in an Fe-C (Ͻ0.1%) alloy. In the case of Fe-C (0.15 or 0.30%) alloy, however, the particles located at d/liquid interface where the peritectic reaction occurs are only used for the heterogeneous nucleation site. The place at which the peritectic reaction occurs approaches low fraction of solid with decreasing carbon content. It should be noted that the correspondence between the interdendritic region and austenite grain boundaries is different at hypo and hyper peritectic regions.
The mean austenite grain size, D ළ A , obtained in an Fe-0.15 or 0.30%C-1%Mn-1%Ni alloy which was quenched at 1 470°C (0.15 % C) and 1 460°C (0.30 % C) is plotted against the mean values for the secondary dendrite arm spacing, l ළ 2 , and the primary dendrite arm spacing, l ළ 1 , in the upper and lower diagrams of Fig. 9 , respectively. It can be seen that the D ළ A values vary considerably from 200 to 1 000 mm, but the l ළ 1 and l ළ 2 values are nearly constant.
The aspect ratio of austenite grain and the geometric standard deviation in log-normal distribution of grain size, ln s, are plotted against the l¯1/l ළ 1 ratio in the upper and lower diagrams of Fig. 10 , respectively. It can be seen from the upper diagram that the morphology of austenite grain is more or less equiaxed, while that of the d-grains is columnar. This is clear from the comparison between the aspect of grain and l¯1/l ළ 1 ratio. The l¯1/l ළ 1 ratio in the Zr deoxidation is significantly higher than those in other deoxidations. This is probably due to the fact that the morphology of dgrains is strongly influenced by the content of dissolved deoxidant, in particular, the dissolved Zr content. In the Mg deoxidation experiment dissolved Mg content was minimized by holding at 1 600°C for 10 min to vaporize. It is seen from the lower diagram that the spread of grain size distribution is greater in the Mg deoxidation. Although the reason for this is not certain, it was experimentally observed that the ln s value in the Mg deoxidation increases with an increase of dissolved Mg content. The grain size distributions observed in an Fe-0.15%C-1%Mn-1%Ni alloy are shown in Fig. 11 . It is seen that the grain size distribution in the Mg deoxidation is bi-modal and the peak observed in larger grain size is due to the effect of dissolved Mg. If dissolved Mg is removed by evaporation and its content approaches zero, no bi-modal distribution was observed. The mode value of the grain size distribution observed in the Ti deoxidation is smaller compared with those observed in other deoxidations. It was found in the Ti deoxidation experiments by using the microprobe analysis that TiO x and TiC particles are precipitated in the interdendritic space in an Fe-0.15 or 0.30 %C alloy, not in an Fe-0.05%C alloy. It is considered that these precipitates effectively pin the austenite grain growth and/or become the candidate for the heterogeneous nucleation site for the d to g transformation.
The mean austenite grain sizes observed in the Ti, Zr, Ce, Mg and Ti/Mg deoxidations are plotted against the lattice misfit parameter between g-Fe and oxide in Fig. 12 , together with the results obtained in the Ca deoxidation and without deoxidation. It is clear that the D ළ A values decrease with a decrease in the misfit parameter. The results shown in Fig. 12 were obtained in the interrupted experiment where a sample was quenched immediately at the highest temperature of the austenite single phase. Therefore, it is reasonable to assume that the austenite grain growth is pinned during the cooling by the presence of coexisting dphase in the d and g two phases region. If the number density of g-grains during the two phases is constant, it is considered that the D ළ A values shown in Fig. 12 correspond to the initial number density of g-grains after d/g transformation. In this study the heterogeneous nucleation rate of gphase for different oxides are represented by the lattice misfit parameter between g-Fe and oxide.
In order to study the effect of oxide particles on the grain growth inhibition, the D ළ A values are plotted against the Zener pinning force, Zp, which is given by ), and f V and d ස are the volume fraction and the mean particle diameter, respectively.
It can be seen from In order to have the high rate of g-phase nucleation at d/liquid interface, namely, high value of cos q, not only low value of g MO/Fe(g) which corresponds to the lattice misfit parameter between MO and g-Fe, but also high value of g MO/Fe(d) is necessary.
In can be seen from the upper diagram that this ratio does not increase with an increase in the number of particles per unit area, N A , indicating that the nucleation rate of g-phase is not influenced by the number of nucleation site.
Conclusions
The effect of deoxidation particles on the g-or d-phase solidification microstructure has been studied in Fe-10%Ni and Fe-0.50%-1%Mn alloys. It was found that solidification microstructure for a given cooling rate is influenced by the chemical composition of oxide and the degrees of equiaxed crystallization in g-and d-phase solidifications are well related to the lattice misfit parameter between g-Fe and oxide and that between d-Fe and oxide, respectively.
The correspondence between solidification microstructure and initial austenite grains has been studied by using the interrupted solidification method coupled with the grain growth inhibition by pinning. As a result, under the condition that the grain growth is completely retarded by pinning and/or solute drag, it was confirmed that initial austenite grains correspond to the solidification microstructure in gphase single solidification. In two-phases solidification of an Fe-0.15 or 0.30%C alloy, the correspondence between solidification microstructure and initial austenite grains in the presence of oxide particles is explained by the nucleation potency for the d to g transformation and/or the grain growth inhibition. 
